Epicardial cells are more susceptible to the electrophysiological effects of ischemia than are endocardial cells. To explore the ionic basis for the differential electrophysiological responses to ischemia at the two sites, we used patch-clamp techniques to study the effects of ATP depletion on action potential duration and the ability of ATP-regulated K' channels in single cells isolated from feline left ventricular endocardial and epicardial surfaces. During ATP depletion by treatment with 1 mM cyanide (CN-), shortening of action potential durations was significantly greater in epicardial cells than in endocardial cells. Thirty minutes after initiating exposure to 1 mM CN-, action potential duration at 90% repolarization was reduced to 0.70+0.12 of the control value for endocardial cells versus 0.39±0.18 for epicardial cells (p<0.01), and action potential duration at 20% repolarization was reduced to 0.72+±0.13 for endocardial cells versus 0.12±0.09 for epicardial cells (p<0.01). In both endocardial and epicardial cells, the shortening of action potential by CN-treatment was partially reversed by 0.3 ,uM glibenclamide; the magnitude of reversal, however, was much greater in epicardial cells.
epicardial tissue than in endocardial tissue during acute ischemia. These differential responses to ischemia produce electrophysiological inhomogeneities that may facilitate reentrant arrhythmias. However, the underlying ionic basis for the differential electrophysiological response to ischemia at the two sites remains unknown.
In 1983, Noma10 demonstrated that decreased intracellular concentration of adenosine triphosphate ([ATP]1) brought about by exposure to cyanide ions (CN-) evoked outward currents through an ATP-regulated K' channel. Several lines of experimental evidence have implicated this current in the shortening of action potential duration in ischemic myocardium. [10] [11] [12] [13] In the present study, we compared the sensitivity of ATP-regulated K' channels to the reduction of [ATP] i in single myocytes isolated from endocardial and epicardial surfaces and tested the hypothesis that the differential sensitivity of the channel to [ATP] i between the two cell types contributes to the differential shortening in action potential duration during ischemia.
Materials and Methods

Preparation of Single Cardiac Myocytes
Single endocardial and epicardial myocytes from feline left ventricles were isolated by an enzymatic dissociation procedure.14-16 Domestic cats of either sex, weighing 2.0-3.5 kg, were anesthetized with pentobarbital sodium (30 mg/kg i.p.) and were anticoagulated with heparin sodium (400 IU/kg i.v.). The heart was rapidly excised and mounted on a Langendorff perfusion apparatus (60-cm height). It was perfused retrogradely via the aorta for 10 minutes with Tyrode's solution equilibrated with 100% 02 at 370C at a rate of 10-15 ml/min, followed by perfusion for 5 minutes with nominally calcium-free Tyrode's solution. The Tyrode's solution contained (mM) NaCl 143.0, KCl 4.0, CaCl2 1.8, MgCl2 0.5, NaHPO4 0.33, glucose 5.5, and HEPES 5.5 (pH 7.4 with NaOH). The preparation was then perfused with 0.04% collagenase (type 1, Sigma Chemical Co., St. Louis) dissolved in Tyrode's solution containing 50 ,uM Ca 2 . Exposure to the enzyme was continued until the solution flowed freely (15-20 minutes), after which the collagenase was washed out with 150 ml "Kraftbruihe" (KB) solution containing (mM) KCl 40.0, glutamic acid 50.0, taurine 20.0, KH2PO4 10.0, MgC12 0.5, glucose 11.0, EGTA 0.5, and HEPES 10 (pH 7.4 with KOH). Small pieces of the left ventricular free wall tissues were dissected from the endocardial and epicardial surfaces (to a depth not exceeding 20% of the thickness of the ventricular wall) using fine scissors. After the tissues had been gently agitated in a beaker containing KB solution, single cells were separated from tissue pieces by passing them through 140-gm mesh nylon gauze. Isolated cells were stored in the KB solution at 4°C for a minimum of 60 minutes and were studied within 24 hours after the isolation. Single cells harvested from endocardial and epicardial surfaces were studied at random, with respect to the order of experiments. Action Potential Recordings A few drops of the solution containing isolated single myocytes were introduced into a recording chamber (1 ml Midland, Mich.) before use. Electrical connection to the pipette and to the bath were made through Ag/AgCl half-cell electrodes. The electrode potential was adjusted to zero current between the pipette solution and the bath solution immediately before each cell was attached. Single cells were drawn onto the tip of the pipette by gently pressing the pipette tip onto the cell surface. A low amplitude squarevoltage step was applied repetitively to the pipette to monitor cell sealing, and an appropriate negative pressure (10-30 cm H20) was applied to the inside of the pipette to establish a seal resistance of 5-100 Gfl. The cell membrane under the pipette pore was broken by the application of a negative pressure transient, resulting in a whole-cell clamp configuration.
Action potentials were recorded from single cells in the current-clamp mode'7 and by passing depolarizing currents of suprathreshold intensity (<2 msec in duration) through the pipette at a rate of 1 Hz. The general criteria used to select electrically sound and stable cells for the measurements of membrane potentials were as follows: 1) The resting membrane potential exceeded -80 mV, and its value did not vary more than 1 mV during a 10-minute observation period.
2) The configuration of action potential exhibited a distinct plateau similar to those recorded from multicellular ventricular preparations. 3) Total action potential duration was >150 msec at a constant stimulation rate of 1 Hz. 4) Action potential duration at 90% repolarization (APD9O) and at 20% repolarization (APD2O) did not vary by more than 5% during a 10-minute observation period.18 Cells that did not meet all of these criteria were discarded.
After a 10-minute equilibration period, the effect of cyanide (CN-) treatment on action potential duration was studied in cells isolated from endocardial (n = 10) and epicardial (n = 11) surfaces. The bath was superfused with Tyrode's solution containing 1 mM CN-, and action potentials were continuously recorded for 30 
Single-Channel Recordings
Single-channel currents were recorded from a cellattached membrane patch or an inside-out membrane patch with the voltage-clamp technique17 at a room temperature of 21-22°C, or in several experiments at 37°C. The procedures to establish a gigaseal were identical to those of experiments for membrane potential recordings described above, but the cell membrane under the pipette pore was not broken. In order to obtain cell-free, inside-out membrane patches, the pipette tip was slowly withdrawn from the cell surface.17 On withdrawal of the pipette from the cell, a vesicle was formed at the pipette tip opening, without a decrease in seal resistance. Then the pipette tip was briefly passed out and in through the solution-air interface. These procedures usually did not disrupt the gigaseal and resulted in inside-out membrane patches, in which the cytoplasmic face of the cell membrane was exposed to the bath solution and its extracellular face was exposed to the pipette solution. '7 The effect of CN-treatment on single-channel currents in the cell-attached patch mode was tested in endocardial (n =5) and epicardial (n =6) cells. Tyrode's solution was used for both the bath solution and the pipette solution. Membrane potential was clamped for 60 seconds from the resting membrane potential to a test potential between -100 and 100 mV in 20 -mV increments at 60-second intervals, and unitary currents were recorded before (control data) and 10 minutes after superfusion with Tyrode's solution containing 1 mM CN-. Recordings of current tracings were done with perfusion was momentarily stopped.
The characteristics of the ATP-regulated K' channel and its sensitivity to [ATP] however, was much greater in the epicardial cell. This was also observed in two other endocardial and two epicardial cells.
A TP-Regulated K' Channel in Cell-Attached Membrane Patches After Exposure to CNIn the cell-attached patch mode, the activity of ATP-regulated K' channels was compared for endocardial (n=5) and epicardial (n=6) patches after treatment with 1 mM CN-. Single-channel currents were recorded by applying voltage steps of -100 to 100 mV for 60 seconds from the resting membrane potential in 20-mV increments. No significant current was evident before CN-treatment. After CNtreatment, single-channel currents were observed in both endocardial and epicardial membrane patches, which had current-to-voltage relations similar to those reported for ATP-regulated K' channels.'0 To explore the mechanisms of differential CNactivation of ATP-regulated K' channels in the endocardial and the epicardial membrane patches, the characteristics of the ATP-regulated K' channel were studied in the inside-out membrane patch mode. Figure SA shows Step Potential (mV) unitary current through the entire period of recording ( Figure 6A ). This indicated that the membrane patch contained only one ATP-regulated K' channel. Figure 6B ). To describe the distribution of the closed times, at least two components of exponential function were also needed in both endocardial and epicardial membrane patches ( Figure 6C ). (Figure 7) . However, the magnitude of the reduction in the open-state probability by exposure to low concentrations of ATP was greater in endocardial membrane patches than in epicardial membrane patches. The dose-response relations between ATP concentration and the open-state probability of the channel (expressed as fractions of the value in absence of ATP) from endocardial and epicardial membrane patches are shown in Figure 8 . The dose-response relation between ATP concentration and the open-state probability of the channel was fitted to the fourparameter logistic equation:
where A is the bottom plateau, B is the top plateau, C is the log(EC50), and D is the slope factor (the Hill coefficient). The concentration of ATP that produced half-maximal inhibition of the channel was 23.6±+-21.9 ,uM for endocardial patches and 97.6+48.1 ,uM for epicardial patches (p<O.O1). Several experiments were carried out at a temperature of 37°C (four for endocardial patches and four for epicardial patches). At 37°C, we observed similar differential suppression of the channel by ATP; the concentration of ATP that produced half-maximal In the experiments studying inactivation of channel activity with time in the absence of ATP, open-state probability was reduced to 66+12% of the initial value in 30 minutes for endocardial cells and 63-+±10% for epicardial cells (p=NS). This indicated there was no significant difference in time-dependent inactivation of the channel activity between the two cell types. 
Discussion
Many studies have demonstrated that the subendocardium is significantly more sensitive to metabolic effects of ischemia than is the subepicardium.'-4 Allison et a12 reported that creatine phosphate and ATP content were reduced to a greater extent in subendocardium than in subepicardium during coronary artery occlusion. Watson et a14 reported that after coronary artery occlusion, tissue pH was significantly more reduced in the subendocardium than in the subepicardium. Despite the greater metabolic sensitivity of the subendocardium to ischemia, several experimental models have indicated that ischemia-induced electrophysiological changes are greater in epicardial cells than in endocardial cells.5-9 Boineau and Cox5 and Okumura et a16 reported in their in vivo studies that prolongation of conduction time and refractory period during coronary artery occlusion was greater in epicardium than in endocardium. Gilmour and Zipes7 and Kimura et al8,9 reported that, in multicellular ventricular muscle preparations, changes in action potential characteristics and prolongation of conduction time and refractory period by ischemia or superfusion with "simulated ischemic solution" were greater in epicardial cells than in endocardial cells. 24 The slight differences in time constants may be due to differences in species and/or experimental methodology. Kakei et a124 studied guinea pig ventricular myocytes in the open-cell attached-patch mode using 50 mM extracellular K' and 0.5 mM intracellular ATP, whereas we studied feline myocytes in the inside-out patch mode using 140 mM extracellular K' and no intracellular ATP. To study ATP sensitivity of the channel under reduced influence of inactivation of the channel activity with time,21 we measured control data 5 minutes after isolating the patch. As a result, open-state probability in our study (42% for endocardial cells and 50% for epicardial cells) was relatively lower than the values reported in other studies (.80%),24,26-28 which were measured immediately after isolating the patch. However, the value in our study is similar to that measured 5 minutes after isolating the patch (34%) in a previous report. 21 The activation of the channel by reduction of In a previous report, we demonstrated that single cells isolated from endocardial and epicardial surfaces showed the same magnitude of action potential shortening when superfused with simulated ischemic solution, that is, low Po2, low pH, and high K' in glucosefree Tyrode's solution. 32 However, compared with data obtained in multicellular ventricular muscle preparations, the magnitude of the action potential shortening during exposure to the simulated ischemic solution was much smaller in the isolated single cells. Single cells are entirely surrounded by superfusate, making it difficult to deprive the cells of 02 and substrates, whereas multicellular preparations can be hypoxic under the same condition. In the present study, we used treatment with CN-to compare the responses of action potentials to "hypoxia" in single isolated endocardial and epicardial cells. CN-treatment has been used by several investigators [10] [11] [12] [33] [34] [35] as a method to reduce hypoxia in single isolated cells. The primary effect of hypoxia on cardiac myocytes is to decrease high-energy phosphates, such as ATP, and CN-treatment causes depletion of [ATP]i, inhibiting oxidative phosphorylation. Extrapolation of the present data to explain in vivo ischemia should be done with some caution, because the in vivo ischemic condition is obviously more complex and cannot be reproduced simply by exposure to CN-. Nonetheless, our data provide new information on specific differences between responses of endocardial and epicardial cells to the loss of oxidative phosphorylation that occurs during ischemia.
In conclusion, the reduction in [ATP]i evokes currents through ATP-regulated K' channel to a greater magnitude in epicardial patches than in endocardial patches. The rapid activation of ATPregulated K' channels in epicardial patches appears to be responsible for the greater action potential shortening in epicardial cells during ischemia. It is possible, however, that other membrane currents, such as slow inward current and transient outward current, also may contribute to the differential changes in action potential durations. The finding that glibenclamide, a specific blocker of an ATPregulated K' channel, could only partially reverse CN--induced action potential shortening indeed suggests the contribution of different classes of membrane currents. Further studies are now under way to test this hypothesis.
